constructed a differential volumeter which included a mercury piston for controlling the index drop. This apparatus used a very large control flask (300 cc.) but did not provide for the addition of material to the respiring tissue.
Several workers have built volumeters, both single and differential, of high sensitivity, but these were limited to use with special kinds of tissue only. (See the extensive literature cited by Fenn, 1935 .) Thus the differential apparatus of Brachet and Shapiro (1937) was designed specially to measure the respiration of small eggs, and the single volumeter of Gerard and I-Iartline (1934) specially for use with nerves. On the other hand, the so called Cartesian divers developed by LinderstrSm-Lang (1937) , though capable of exceedingly delicate respiration measurements, do not allow of the addition of material to the vessel during the experiment.
Principles
It was our purpose to construct a differential volumeter of a robust and practical form, sensitive to very small changes in respiratory rate, and capable of general use with various kinds of tissues and organisms. As an essential feature such an apparatus should permit the addition of material during the course of an experiment. The sensitivity must be as high as possible, but the index drop must be easily manipulated. To make short-time measurements reliable, the evolved COs must be very rapidly absorbed by the alkali.
In the apparatus to be described, the experimental vessel has two chambers, allowing ready addition of material during the run. The capillary is of fine bore, but manipulation of the index drop is made easy by the use of a shunt-tube. The control vessel is as large as is consistent with the attainment of temperature equilibrium, so as not to reduce the sensitivity on that score. The surface of the KOH exposed is large in comparison to the respiring material so that CO~ absorption is very rapid, and provision is made for shaking. Finally, the movement of the index drop may be easily read with a high degree of accuracy.
Preliminary trials in the construction of an apparatus meeting the above requirements were made by Dr. G. Pincus and Dr. N. Werthessen, to whom we are very much indebted. The apparatus constructed by them has been extensively modified by us, and with the mechanical equipment described below will, it is believed, be found satisfactory for a variety of purposes.
Description of the Respirometer
The apparatus is shown in Fig. 1 . It comprises four separate parts which are joined by carefully-ground, dose-fitting jointsY
The control vessel, A, is an upright bottle with a volume of 40 to 60 cc. At its top is sealed on a capillary (internal diameter about 2 ram.) about 12 era. 10ng, with a stop-cock just above the top of the bottle. Just above the bottom of the bottle, at right angles to its long axis, the second section is connected by means of a ground glass joint.
The second section, B, consists of a 15 era. length of fine capillary, selected under the microscope for its small, uniform, circular bore, with a coarser capillary (the shunt-tube) In assembly, section B sealed to both ends of it. Each of these junctions continues into the male part of a ground joint, that at the bottle end having a rather wide bore, but that at the opposite end being thickened to an internal diameter not exceeding 1 ram., in order to keep the volume of the experimental vessel at a minimum. Near the bottle end of the shunttube is a simple stop-cock, placed at an angle to avoid obstructing the view of the fine capillary from above. The diameter of the fine capillary is 0.2-0.3 ram., while that of the shunt-tube is about 1 mm. A transparent glass scale, accurately ruled in ½ ram. marks, is wired to the outside of the flue capillary. The third section, C, is a small cylindrical vessel for the KOH. The top is slightly drawn in to reduce volume and the bottom flattened to form an area of about 15 x 20 ram., on which the KOH lies in a thin film.
The experimental vessel (section D) consists of two small arms about 12 ram, long and with an internal diameter of about 6 ram. These are united at an angle of about 120 °. At the junction they open into a ground tube, perpendicular to the plane of the "V" formed by the arms, which fits into one end of the KOH vessd. To facilitate the introduction of the respiring material, this tube is of the widest possible bore--about 4 ram. The volume of vessel D is about 2 cc. while the volume of the KOH and experimental vessels together is 4 to 5 cc. (In practice the effective volume is reduced by the addition of 0.3 cc. of KOH solution and 0.2 cc. of fluid medium for the tissue.) The experimental vessd may be used in certain positions other than that illustrated in Fig. 1, as will be described below.
Manipulation
The apparatus is easily assembled. Into the capillary tube is inserted, v/a either end, a small drop of distilled kerosene colored with Sudan III. If the readings are to be made in red light (as for work with green plants) the kerosene may be colored blue with Anthraquinone Green G Base (Du Pont Co.). The cock in the shunt-tube being open, the index drop is moved along the length of the capillary several times (by tipping the tube) and finally left in the desired position. The control vessel and the capillary are then joined together. A thin film of vaseline is used in all joints (stop-cock grease is used in the stop-cocks). To prevent slipping, the joints are supplied with hooks, around which rubber bands are fixed.
For measurement of O2 consumption, a ring of warm paraffin is placed around the inner wall of the KOH vessel just above the flattened bottom. The latter is covered with 0.3 co. of 10 per cent KOH and the vessel is then joined to the free end of the capillary tube.
The experimental vessel may be used in any one of several positions. Ordinarily, it is held in the position: I,.. The tissue is placed in one armand the material to be added during the course of the experiment in the other. When, during the experiment, the addition is desired, the whole apparatus is rotated on its long axis until the material runs into the arm containing the tissue. (The tipping device is described below.) If an exactly quantitative addition is required, the liquid to be added may be placed in a small glass boat which slides from one arm into the other when the vessel is tipped. The experimental vessel may also be held in a semi-inverted position: ~--. In this case the tissue is placed in the joint of the "V," and the material to be added in the horizontal arm. Other positions may also be used, according to the nature of the tissue and the amount of the material to be added. If desired, the tissue may itsdf be placed in a glass boat and tipped into a new solution.
When the experimental vessel has been joined to the other parts, the whole apparatus is suspended in a constant temperature water bath to within several centimeters of the top of the control vessel's vertical tube. Both cocks are open when this is done. The apparatus is shaken (for method, sec below) and when temperature equilibrium has been reached both cocks arc dosed. If it is necessary to adjust the position of the index drop, either the control or experimental vessel is slightly warmed (by placing the hand nearby for a moment) until the drop reaches the desired location, and the shunttube cock then opened. The index drop will remain motionless until the cock is again dosed. This is done when equilibrium has been reestablished, and the readings may then begin. If the drop traverses the entire length of the capillary before the experi-merit is completed, it may be rapidly returned to the starting position by this same procedure, and the readings recommenced.
Before the apparatus is removed from the water bath, both cocks are again opened. When the respirometer is removed, the KOH and experimental vessels alone need be disconnected and denned. The apparatus is then again ready for use. Once clean the capillary need not be recleaned unless the drop shows a tendency to stick.
The capUlary is best cleaned with a solution either of trisodium phosphate or of "Calgonite." The grease is first carefully removed with acetone and the hot denning solution then sucked through the .tube. The tube is finally rinsed by sucking hot distilled water through it, and then carefully dried.
Sensitivity
A respirometer of the dimensions given above is capable of registering extremely small respiratory exchanges. The equation for determining the sensitivity of a differential volumeter (see Fenn, 1935 ) is:
where Vc is the volume of the control vessel, Ire is the volume of the experimental vessel, p is the barometric pressure, y is the vapor pressure of the solutions in the vessels, t is the temperature in degrees Centigrade, and b is the number of cubic millimeters in 1 can. of capillary length. F is a factor such that: F times the distance moved by the index drop is equal to the volume change in the experimental vessel. Substituting the actual values for a respirometer of the above dimensions at a temperature of 22 ° C. anda barometric pressure of 756 ram. * we have: Hence, for a capillary diameter of 0.26 ram., F = 0.57 c.mm. per cm. of drop motion. Thus, a drop movement of 1 ram., which is easily and accurately discernible on the glass scale, indicates a volume change of but 0.057 c.mm.
Accessories
Because of its extreme sensitivity, the apparatus must be immersed in a very well controlled constant temperature bath. To accomplish this it is essential to use a double water bath. A bath which will accommodate four respirometers is shown in Fig. 2A .
The outer bath is an insulated copper tank 36 × 34 inches, and 24 inches deep. The two inner baths are copper tanks 25 × 10 inches, and 12 inches deep. These are sus-2 Normal variations in barometric pressure from day to day make no significant difference in the value of F as long as the ratio of Vc to Ve is large. The temperature of the outer bath is controlled by means of a sensitive mercury thermo-regulator which regulates (through a relay) a cooling coil and two 100 watt knife heaters. The temperature of the outer bath is thereby maintained with an accuracy of :t:0.015°C. If the heating-cooling cycles of the outer bath are regulated to a rather short period (about 10 minutes), the temperature of the inner baths will not vary more than 4-0.006°C. This variation will have no effect on the movement of the index drop. It is also essential that the stirring of the baths be very rapid since a small temperature gradient between the two ends of the respirometer will seriously affect the accuracy of the readings.
The respirometer is fixed in a mount made of ~1~ inch brass plate and perforated with numerous holes to permit water circulation (see Fig. 2B ). The respirometer is held on the mount by two sets of brass dips together with several rubber bands. The mount is suspended in the inner bath by damping the (longer) pivoted bakelite rod on the ½ inch brass rod which passes over the center of this bath. Ordinary right-angle apparatus clamps will suffice for this purpose. Normally the (shorter) fixed bakelite rod is damped to the pivoted rod by means of a large "Bulldog" paper clip. When the vessel is to be tipped, this clip is removed and the respirometer rotated on its axis by swinging the free end of the fixed rod. When the material has been tipped, the rod is returned to its original position and damped in place. In this way, tipping is accomplished without any disturbance of the temperature equilibrium and readings may be made immediately.
In order to ensure a rapid gaseous equilibrium within the respirometer it is necessary (in many cases) to shake it. A frequency of about 80 oscillations per minute is adequate. The shaking may be accomplished by producing an alternating rotation in the ½ inch brass rods that are mounted above the centers of the inner baths. The respirometer mounts, which are damped to these rods, are thereby caused to oscillate in an arc (an amplitude of 2 inches is sufficient) within the bath. The simple apparatus which we have used for producing this type of shaking is illustrated in Fig. 2C . Also figured is a release mechanism for suspending the shaking while readings are being taken.
Since the index scale is ruled in ½ mm. divisions, it is necessary to use a magnifier in taking readings of the drop position. Very accurate readings may be obtained by using a simple projection magnifier. An automobile headlight lamp in a small reflector is suspended over the center of the large tank so that its beam falls on the center of the mounting plate, just below the capillary. At this point is mounted a strip of mirror, 1 X 15 cm., in such a way that the beam of light reflected from it passes through the capillary in the direction of the observer. The transparent glass scale is wired in place above the capillary. Two convex lenses fixed in a water-tight tube can then be arranged to project a magnified image of the capillary and scale on a ground glass screen. In this way, the position of the index drop can be quite easily read to within a tenth of a millimeter. About 5000 freshly encysted organisms were used. The arrow indicates the point at which hay infusion was tipped into the arm containing the cysts. Previous to this point the cysts consumed 0.4 c.mm. of oxygen per hour, and the addition of hay infusion, which causes excystment, resulted in a threefold increase in rate. The curve shows that the apparatus is capable of recording with a high degree of accuracy the changes in the respiratory rate of minute amounts of material. It is also clear that the possibility of making frequent readings permits of the close following of these changes.
Typical Results
Curve A represents the oxygen consumption of a single section, 3 mm. long, of Arena (oat) coleoptile. This is a cylinder with a wall composed of but 6 layers of cells and an outside diameter of about 1.5 ram. The dry weight of such a section is about 0.18 rag. It is evident that the respiration may be easily followed.
More detailed study of these materials will be reported elsewhere. The curves are given here only as examples of the use of the respirometer. 
